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July 17-21, 2016
Clare College
Cambridge, United Kingdom

Co-based γ-γ’ Superalloys
•
•
•
•

Reported by Charles Lee, Ph.D. Dissertation,
University of Arizona, 1971
γ-γ’ (FCC-L12) 2-phase region reported in CoAl-W by Sato et al. in 2006
Increased melting temperature and γ’ solvus
offer potential to increase turbine engine
operating temperature
Ternary/quaternary alloys have comparable
strength to multicomponent Ni-based γ-γ’
alloys

J. Sato et al., Science, 312, (2006) 90

ICME Design of Structural Alloys:
Phase-based properties
• Thermodynamics, Phase Equilibria
– Phases present
– How much of each
– Composition of each

• Diffusion, Kinetics

– Microstructural evolution
– Dislocation (climb) mobility

E.A. Marquis et al., Scripta Mater., 47 (2002) 503

𝜀𝜀̇ =

𝜌𝜌𝑏𝑏𝑏𝑏
1
∗
𝑡𝑡𝑐𝑐 1 − 𝜏𝜏⁄𝜏𝜏𝑂𝑂𝑂𝑂

ρ→dislocation density (elastic moduli)
λ→mean squared particle spacing (volume fraction, particle size)
tc→characteristic dislocation bypass time (diffusion, particle size)

τOr*→Orowan stress (elastic moduli, particle spacing)

• Molar Volume

– Lattice parameter
– γ-γ’ misfit→dislocation interactions,
mechanical properties

• Elastic Moduli

– Mechanical properties
D.C. Dunand, http://www.dunand.northwestern.edu/

Co-Al-W Phase Diagram
• Little experimental data

– Sato (2006): 900 °C &
1000 °C → γ’ stable at
900 °C
– Kobayashi/Tsukamoto
(2009,2010): 900 °C →
γ’ metastable at 900 °C
– Xue et al. (2011): 900 °C
& 1300 °C → γ’ stable at
900 °C

• Is γ’ an equilibrium
phase in Co-Al-W?
• An accurate description
of the Co-Al-W system
is essential to design
commercially viable
alloys!

J. Sato et al., Science, 312, (2006) 90

S. Kobayashi et al., Intermetallics, 17, (2009) 1085
Y. Tsukamoto et al., Mater. Sci. Forum, 654-655 (2010) 448

Co-Al-W Phase Diagram
• Little experimental data

900 °C

– Few studies
– Co-rich only
– Limited temperature range

• Calphad assessed phase
diagrams vary widely
– Pollock (2010)
– Cui (2011)
– TCNI8 (2015)
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All based on
the same data
Y. Cui et al., J. Mater. Sci., 46, (2011) 2611

• Zhu-Computherm Co-base
alloy database (2014)

– New experimental data
– Best available to date
– γ’ still equilibrium phase…
between 800 °C and 1000 °C

B2

γ’
γ

D019

µ

T.M. Pollock et al., JOM, 62 (2010) 58
J. Zhu et al., J. Phase Equil. Diff., 35, (2014) 595

TCNI6 database, Thermocalc AB, 2013

µ

Phase Equilibria: 900 °C
•
•
•

Five rapidly solidified ternary alloys annealed at 900
°C for times up to 8000 h
All five alloys exhibit a decreasing volume fraction of
γ’ with increased annealing time
Evidence of γ’ metastability (i.e. formation of a fourth
phase, D019 or B2) varies with composition,
consistent with published results

900 °C

– For >10 % Al, the D0 19 phase appears after 1000 h or less
– For <10 % Al, the B2 phase appears after 2000 h or more

•

γ’ is a nonequilibrium phase in ternary Co-Al-W at
900 °C

HT 900 °C, 1000 h

HT 900 °C, 2000 h

HT 900 °C, 4000 h
γ

B2

γ+γ’
10 µm

D019

Co-9.5Al-10W

γ’

E.A. Lass et al., J. Phase Equil. Diff., 35 (2014) 711

Phase Equilibria: Above 900 °C
• 1000 °C isothermal section is consistent with
that originally suggested by Sato et al., with
two tie-triangles; γ+B2+µ and γ+D019+µ
• D019 becomes unstable at 1100 °C, leaving a
single three-phase tie triangle between γ,
B2, and µ
• At 950 °C the stability of γ’ is still in question;
after 2000 h all five alloys show little
evidence that γ’ is nonequilibrium

1000 °C

J. Sato et al., Science, 312, (2006) 90

950 °C, 2000 h
Co-10Al-7.5W

Co-8.25Al-10W

Co-12.5Al-7.5W

1100 °C
10 µm

Co-12Al-15W

Co-9.5Al-10W

E.A. Lass et al., J. Phase Equil. Diff., (2016) online

Phase Equilibria: Below 900 °C
HT 750 °C, 4000 h

• γ’ dissolves more rapidly at 850 °C than
at 900 °C…suggesting thermodynamics,
not kinetics, are behind its persistence in
ternary Co-Al-W
• Equilibrium isothermal sections in
ternary Co-Al-W at 750 °C and 850 °C are
both dominated by the same threephase tie-triange consisting of γ, B2, and
D019
HT 850 °C, 1000 h
γ+γ’

850 °C

HT 850 °C, 2000 h

750 °C

HT 850 °C, 4000 h

γ

B2

γ+γ’
D019
10 µm

E.A. Lass et al., J. Phase Equil. Diff., (2016) online

10 µm

Co-9.5Al-10W

NIST/NU CHiMaD Database Development
Co-Al-W System
Metastable γ’ at 900oC

Wei Xiong, NU
Peisheng Wang, NIST/NU
γ’ solvus in
metastable
phase diagram

NIST/NU CHiMaD Database Development
Co-Ni-Al-W System

K. Shinagawa et al., Mater. Trans., 49 (2008) 1474.

Wei Xiong, NU
Peisheng Wang, NIST/NU

NIST/NU CHiMaD Database Development
Co-Al-W-Ta System

Wei Xiong, NU
Peisheng Wang, NIST/NU

S. Kobayashi et al., Intermetallics, 31 (2012) 94
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x (γ,*)

8.2

8.3

3.7

3.8

0.4

0. 1

x (γ’,*)

8.4

9.4

11.0

9.3

3.2

1.4

x (CoAl,*)

33.7

31.3

2.0

3.9

1.0

4.9

x (Co3W,*)

1.7

0.5

16.9

21.0

5.6

3.4

Alloy (at.%)

Although L12 is not stable in Co-Ta, it has been
optimized according to DFT calculations.

Al (at.%)

Co-9.4Al-7.9W-2.2Ta at
1173 K

Solvus Temperature (K)
This work

Exp. Data

dT

7Al-8W-1Ta

1271

1259

-12

10Al4.8W-1.8Ta

1265

1267

2

10.1Al-4.9W-1.7Ta

1255

1265

10

9Al-7W-2Ta

1343

1328

-15

8.8Al-9.8W-2Ta

1371

1382

11

NIST/NU CHiMaD Database Development
Wei Xiong, NU
Peisheng Wang, NIST/NU

Co-Al-W-Ni-Ta-Ti
Alloy

Composition

Solidus (°C)

Liquidus (°C)

Exp. Present dT Exp. Present dT

1

Co-10Ni-7Al-4Ti-7W-1Ta 1351

1334

-17 1413

1400

-13

2

Co-30Ni-7Al-4Ti-7W-1Ta 1366

1384

22 1419

1425

6

3

Co-30Ni-9Al-3Ti-7W-2Ta 1359

1364

5 1411

1407

-4

Experiments are unpublished data from NIST

Diffusion Couples: Atomic Mobility in
Ternary Co-Al-W FCC
Kil-Won Moon, NIST
Carelyn Campbell, NIST

• Experiments performed at 900 °C and
1000 °C between five compositions
within the FCC single-phase region
• Composition-dependent diffusion
coefficient can be calculated at points
where two diffusion paths cross

K.-W. Moon et al., to be submitted

Diffusion Couples: Atomic Mobility in
Ternary Co-Al-W FCC
• Diffusion profiles and
coefficients used to assessed
atomic mobilities
• Compared to NIST Ni-based
mobility database, the Al
mobility in particular, has
been improved
• Extending to include Ni…then
Ta, Ti, Cr, etc.
Couple
Pair

900 °C

Kil-Won Moon, NIST
Carelyn Campbell, NIST

Fitting

xAl xW DAlAl ×10-17 DAlW ×10-17 DWAl ×10-17 DWW ×10-17
×100 ×100
m2/s
m2/s
m2/s
m2/s

Fit #1
5.03 3.40
ac-ij
Fit #2
4.94 3.46
NIST_NiMob08 5.05 3.35

8.1
7.7
32

1.1
0.25
1.8

-0.20
-0.35
-0.95

0.63
0.60
0.63

Fit #1
4.22 2.09
Fit #2
4.20 2.15
NIST_NiMob08 4.16 2.03

6.9
7.1
24

0.062
0.16
-4.0

-0.099
-0.047
-0.51

0.56
0.47
0.69

ac-id

K.-W. Moon et al., to be submitted

Molar Volume & Elastic Properties
•
•
•

Play a critical role in determining mechanical
properties; i.e. precipitate-matrix
interactions
Molar volume of some elements in their
stable crystal structure have been published
Descriptions can be constructed similarly to
thermodynamic functions

DFT
Experiment

•
•
•

Molar volume descriptions of alloys have not
been discussed in literature
Implemented in recent commercial
databases, but models still require work
DFT calculations provide essential data
where experiment cannot
–
–

J. Saal, C. Wolverton, private communication (2013)
Open Quantum Materials Database, http://oqmd.org/, (2014)

Solubility limits
Unstable phases; BCC-Al, FCC-W, or ternary γ’L12

X.-G. Lu et al., Calphad, 29 (2005) 68
B. Hallstedt, Calphad, 31 (2007) 292

T-dependent Lattice Mismatch
TCNI6 database
equilibrium compositions

•
•
•

Alloy composition of Co-9Al-9W
Start by calculating the volume as a function of
temperature for equilibrium compositions
Kinetics will “freeze composition” somewhere
between 800 °C and 900 °C…DSC suggests about
850 °C
–
–

Lattice mismatch less than 1 % and decreases with
increasing temperature
Excellent agreement with recently published
experimental data

F. Pyczak et al., J. Alloys Compds., 632 (2015) 110

Alloy Design: How well do present
databases work?
• A systematic investigation of predicted phase
equilibria in quaternary and higher order alloys
using TCNI8 database
– Maximize γ’ solvus
– Ensure no secondary, deleterious phases
– Predicted γ’ volume fraction around 70 % to 80 %

• How do the currently available thermodynamic
databases fair predicting materials behavior; i.e.
phase equilibria, critical temperatures, etc.?

Ternary Co-Al-W: Al effects
Start with ternary Co-xAl-W
• 9 % W:

9%W

– Solvus increases from 800 °C
to 1000 °C from 4 % to 12 %
Al
– µ sweeps over the γ+γ’ two
phase region down to 5 % W

• 7 % W:

– µ no longer sweeps down to
low Al-content, opening up
the direct γ→γ+γ’ transition
– Solvus decreases slightly for
any given Al-content

7%W

Ternary Co-Al-W: W effects
Now look at constant Al content
• 9 % Al:

9 % Al

– Large increase in solvus increases from
800 °C to 1000 °C from 3 % to 9 % W
– Direct γ→γ+γ’ transition over the same
composition range
– B2 phase formation at low W-content

•

11 % Al:

– B2 stability range extends to higher Wcontents and temperatures
– Direct γ→γ+γ’ transition still occurs
between about 7 % and 9 % W

Optimizing the composition, the
composition with the highest γ’ solvus
temperature and no secondary phases
interfering is calculations to be Co-11Al9W

11 % Al

Addition of Ni
Adding Ni to the alloy:
•
Co-xNi-11.2Al-8.7W
–
–

•

B2 appear at elevated temperatures for all Nicontents
µ also appears at Ni-contents above about 10 %

11.2Al-8.7W

Co-xNi-9Al-8W
–
–
–

B2 “loop” almost completely gone
No µ appears
All composition in between have B2 or m as
secondary phases over most of the Ni composition
range

•

No restrictions on Ni-content so the round
number of 30 % was chosen

•

Significant issues arises with TCNI8 quaternary
description of Co-Ni-Al-W
–

–
–

B2-phase “loop” formation around the γ’ solvus
when Ni is added…this is likely an inaccuracy in the
assessment because experimental evidence suggests
this does not occur
µ-phase stability with increasing Ni-content above
about 8.5 % W, whether this is true experimentally
or not is unknown.
Effect of Ni on the γ’ solvus is not as pronounced as
observed experimentally for lower Al+W
compositions

9Al-8W

Additional Alloying Elements
Ti additions (TCNI6)
•
Base alloy: Co-30Ni-11Al-9W
Rapidly increases the expected volume fraction of γ’: 1
•
% to base alloy increases γ’ volume fraction from 75 %
to 95 %
Reduce Al and W content to balance
•
•
30Ni-10Al-7W
–

Miscibility gap in L1 2 phase!
•
•
•
•

–

•

•
•

•

Inaccuracy in assessment?...which one?
82 % Co-rich L12 phase: 51.5Co-28.8Ni-9.6Al-7.6W-2.5Ti
12 % Ni-rich L12 phase: 36.1Co-40.5Ni-15.8Al-2.9W-4.7Ti
6 % FCC: 63.9Co-24.7Ni-3.7Al-6.9W-0.8Ti

Increasing Ti increases γ’ solvus BUT decreases the solidus
AND increases the freezing range

30Ni-10Al-8W
–

•

30Ni-10Al-7W

µ-phase begins to creep to lower Ti-contents

Calculations are qualtitatively in agreement with
Kobayashi et al.
Practically the Ti-content should be kept to <4 % to
minimize the solidus depression, increased freezing
range, and secondary phases that may form
With improve assessment the Al, W, and Ti
compositions could be optimize to maximize γ’ solvus
and maintain an acceptable solidus temperature and
freezing range.
3 % Ti was chosen as a conservative maximum Ticontent

30Ni-10Al-8W

Additional Alloying Elements
Ta additions (TCNI6)
• Co-30Ni-11Al-9W-xTa

30Ni-11Al-9W

• Co-10Al-8W-xTa

30Ni-10Al-8W

– µ and B2 both extend over the
entire Ta composition range
– B2 exist only in a 100 °C window
between 1000 °C and 1100 °C
– γ’ solvus increases by about 10
°C per percent Ta
– C14 Laves phase forms at about
4 % Ta
– µ pushed to about 3 % Ta
– B2 stability window significantly
decreased

• Conservative estimate of
composition with Ta is near Co30Ni-9Al-8W-2Ta

6-component alloy composition:
Co-30Ni-9Al-3Ti-7W-2Ta-(0.1B)

L22-1: Co-30Ni-9Al-3Ti-7W-2Ta
• TCNI8 calculated
– γ’ solvus: 1125 °C
– Equilibrium volume
fractions: 83 % γ’

• Experimental
– Homogenized: 1250
°C for 48 h, furnace
cooled
– γ’ solvus: 1217 °C
– 80 % to 90 % γ’

2 µm

Adding Cr
Cr additions
• Co-30Ni-11Al-8W-xCr

– Cr-additions increase the γ’ volume
fraction…not supported
experimentally???
– µ-phase begins to form at 4 % Cr

•

Reducing Al and W content: Co30Ni-10Al-7W-xCr

– Cr decreases γ’ solvus slightly
– B2 phase predicted to form around
1000 °C (similar to other quaternary
elements…)
– µ-phase and R-phase appear above
about 5 % Cr

•
•

From calculations, only about 5 % Cr
can be added without introducing
secondary phases
Experimentally, as much as 15 % Cr
has been added without observed
secondary phases

30Ni-11Al-8W-xCr
Cr

vf γ'

0

75.9

0.01

81.6

0.02

86.7

0.03

91.0

0.04

80.2 (µ)

30Ni-10Al-7W-xCr

Significant issues arise with TCNI8
quaternary description of Co-Ni-Al-W
– Obviously, the equilibrium stability of γ’ in ternary Co-Al-W is
incorrect
– Metastable γ’ solvus temperatures are lower than those
determined experimentally (by up to 50 °C)
– B2-phase “loop” formation around the γ’ solvus when Ni is
added
– µ-phase stability with increasing Ni-content above about 8.5
% W…whether this is true experimentally or not is unknown;
most quaternary alloys and above have 8 % W or less
– Effect of Ni on the γ’ solvus is not as pronounced as observed
experimentally
– Miscibility gap in γ’ phase when Ti is added
– Cr, Cr, Cr!!!

Moving forward with alloy design
•
•

Less conservative estimates: more Al, up to 4 % Ti, & 3 % Ta
Including additional optimization parameters
–
–
–
–
–
–

•
•

γ’ volume fraction
γ-γ’ lattice mismatch
Microstructural stability: long term phase stability and coarsening
Stacking fault and APB energies
Diffusion: coarsening & creep behavior
Oxidation/corrosion: Cr addition

Additional alloying elements: Mo, Nb, Cr, etc.
New alloys found using TCNI8

– Calculated solvus temperatures 60 °C higher than L22
– Calculated volume fractions lower than L22
– Less tungsten: one alloy has only 3.5 mol % W & solvus >1250 °C

•

CHiMaD (Peisheng Wang & Wei Xiong) are building a new open
thermodynamic database for Co-based alloys
– How does it perform “post-dicting” previous experimental results?
– Where does it take us on its own?

Summary/Conclusions
• Temperature dependent phase diagram in
formation obtained for ternary Co-Al-W

– γ’ is ultimately unstable in ternary Co-W-Al
– Highly competitive energetically, thus it is quite
persistent even after thousands of hours

• Calphad models of thermodynamics, diffusion
mobilities, molar volume, and elastic properties
are being developed/improved
• Current thermodynamic databases, though quite
flawed, are still useful to design alloys with
improved properties…with the help of user
knowledge

